Nanoparticulate ZnO materials were fabricated using microwave assisted hydrothermal synthesis from mixture of zinc acetate and ammonia at variable pH. The particle size and shape of resulting materials changes with the pH of precursor solution. The obtained nanoparticulate ZnO are of single phase nature with particle size ranging between 100 and 3000 nm, and are photoelectrochemically active in water oxidation upon UV illumination. Their photoelectrochemical activity, depends primarily on the ZnO particle surface orientation which changes with the particle size. The highest photoelectrochemical activity results from simultaneous presence of {0− 110} and {− 2110} oriented faces. The presence of {0001} oriented faces apparently suppresses the photoelectrochemical activity. The results indicate that the photoelectrochemical activity of ZnO is mainly related to a presence of {0−110} oriented surface.
Introduction
Zinc oxide (ZnO) is wurtzite-type crystal structure material and one of the most studied wide band gap n-semiconductors (E g = 3.37 eV) mainly due to numerous applications [1, 2] . ZnO is also low cost and environmental friendly hence it can be naturally used in various practical applications, i.e. photocatalysis [3, 4] , sensors [5, 6] , solar cells [7] and optical devices [8] . Photocatalytic properties of ZnO are of great interest and consequently they have been extensively studied. Especially, photocatalytic water splitting for hydrogen generation is one of the most important applications in the photocatalysis field [9] [10] [11] [12] [13] [14] . The ZnO properties are often compared with those of TiO 2 due to similarity in bandgap and band edge positions. In contrast to TiO 2 , it is expected that ZnO will allow for easier scale up needed for development of a large area water splitting platforms due to lower cost and better environmental friendliness.
Various fabrication methods have been reported for ZnO nanostructures and nanoparticles including, e.g. hydrothermal and solvothermal syntheses [4, [14] [15] [16] [17] [18] [19] , thermal decomposition [20, 21] , sol-gel method [22] and chemical vapor deposition [13] . The hydrothermal synthesis can make crystals with narrow size distribution and high purity, including particles of various shape, even in absence of additives. This should be very useful because the particle morphology can be tuned according to its final application. As for microwave assisted hydrothermal synthesis, it can shorten the reaction time compared with conventional hydrothermal systems, which lowers the energy consumption. Microwave assisted hydrothermal synthesis has been reported not only for ZnO [23] but also for various materials syntheses, e.g. α-Fe 2 O 3 , CuO and TiO 2 [15] . Although shaping the ZnO nanocrystals in the hydrothermal preparation has been reported [17, [24] [25] [26] , there is lack of understanding of the surface sensitivity in photoelectrochemical activity of ZnO nanocrystals. Despite the availability of the single crystal focused studies targeting the photoelectrochemical behavior of ZnO [27, 28] these data cannot be directly transferred to the nanostructure materials due to possible synergetic effect resulting from coexistence of different surface orientations at the nanocrystal surface.
In this study, the microwave assisted additive free hydrothermal synthesis was used to fabricate nanostructures/nanoparticles of different sizes and shapes from mixture of zinc acetate and ammonium solution at variable pH. The relationship between the surface sensitivity of photoelectrochemical activity associated with crystal size/shape in water oxidation was investigated.
Experimental

Synthesis
The samples of the ZnO nanoparticles were synthesized by microwave assisted hydrothermal method using SpeedWave IV system (Berghof ). For the synthesis, Zn(CH 3 COO) 2 ·2H 2 O (ACS grade, Wako Chemicals), NH 4 OH hydroxide (25%, Aldrich) were used. First 0.1 M zinc acetate solution was prepared by dissolving Zn(CH 3 COO) 2 ·2H 2 O in Milli-Q quality water. Then 12 ml of 0.1 M zinc acetate solution and 0.25, 0.5, 1.0, 1.5, 2.0 or 3.0 ml of NH 4 OH (25%) was put into the reaction vessel, and Milli-Q quality water was added to the mixture until total volume became 24 ml. The hydrothermal synthesis was carried out at 150℃ for 30 min. Following the synthesis, the resulting precipitate in the reaction vessel was filtered, washed with Milli-Q quality water, and dried at 150 °C for 2 h.
Characterization
Crystallinity and phase purity was checked by X-ray diffraction (XRD) using powder X-ray diffractometer (Rigaku Miniflex) with Cu Kα radiation. Scanning electron microscopy (SEM) characterization was carried out using a S4800 system (Hitachi) and obtained secondary electrons (SE) images. The band gap of the synthesized samples was determined by UV-Vis diffuse reflectance spectroscopy (DRS) (PerkinElmer LAMBDA 950).
Photoelectrochemical activity of the prepared materials in water oxidation was tested in a three electrode arrangement with ZnO working, Pt auxiliary and Ag/ AgCl reference electrodes. In the result and discussion, the all measured potentials were recalculated and are presented in a reversible hydrogen electrode (RHE) scale.
Photoelectrochemical experiments were carried out in chronoamperometric mode using AUTOLAB (PGSTAT 30) potentiostat for potential control. The potential dependence of the photoelectrochemical activity was constructed from individual chronoamperometric experiments. All photoelectrochemical measurements were repeated three times and presented values were obtained by averaging.
The ZnO electrodes were prepared on fluorine-doped tin oxide (FTO) glass (TEC 15, Dyesol, 15 Ω/sq), by dropcasting approach. The initial ZnO suspension was prepared by dispersing 5 mg of ZnO along with 1.4 mg of polyethylene glycol (PEG) 2000 (Aldrich) in 0.2 ml of Milli-Q quality water. The ZnO layer on FTO was deposited by dropping 10 μl increments of the ZnO based suspension which were subsequently dried at 400 °C. The weight of the ZnO deposit on the substrate was measured by weighing the substrate before and after each deposition. The photoelectrochemical experiments were performed under monochromatic illumination using the Bluepoint LED spot source (Hönle UV Technology) with the 365 nm wavelength, an intensity of 6 W/cm 2 as an illumination source. The measurements were performed in N 2 purged 0.1 M Na 2 SO 4 aqueous solution.
Results and discussion
Crystal structure of ZnO nanoparticles
The structure of the synthesized ZnO materials reflected in XRD conforms to that ZnO (see Fig. 1 ) as shows its comparison with the literature data of ZnO (ICSD # 82028). The observed XRD patterns are not affected by the pH at which the synthesis was performed. The positions of all observed diffraction peaks can be indexed as the hexagonal ZnO. Relatively narrow diffraction peaks imply that ZnO is well crystallized. The lattice parameters and the density of each ZnO material evaluated from the XRD patterns are shown in Table 1 . The obtained lattice constants show a minor variation with the synthetic conditions. The biggest deviation in lattice constant is observed for the ZnO synthesized with addition of 1 ml of NH 4 OH (pH of 10), however, even in this case the observed deviation does not exceed 2δ.
Relationship between pH of precursor and morphology of particles
The variation of the ammonium hydroxide amount in the reaction mixture has a pronounced effect on the reaction yield and on the shape of the prepared ZnO materials as well. The dependence of the reaction yield on the initial pH of the reaction mixture is shown in Fig. 2 . The variation of the reaction yield is statistically insignificant as long as the pH remains in the 9-11 interval. The yield initially increases with increasing pH; reaches its maximum at pH of 10 but decreases at more alkaline pH values. The observed pH dependence of yield results from a confluence of two effects. First of all, increase of pH increases the kinetics of the Zn(II) acetate hydrolysis which is prerequisite for ZnO crystallization. The increasing extent of hydrolysis increases the crystallization rate of ZnO which reaches its maximum at pH 10. Further increase in reaction mixture alkalinity, however, does not bring higher crystallization rate due to a stabilization of ZnO 2 2− anions in the solution which decreases the supersaturation driving the crystallization process.
The change of actual supersaturation reflects itself also in the size and shape of the ZnO crystals obtained in hydrothermal synthesis starting at different pH. As shows Fig. 3 , the hydrothermal synthesis at pH of 7 yields rather bulk micrometer sized individual crystal with characteristic hexagonally shaped prismatic part capped with truncated pyramids. The width of the prismatic part cross-section is approximately 1 µm while the length of the crystals is approximately 5 µm. Materials grown hydrothermally at higher pH in the range 8-10 are significantly smaller in the sub-micron range and reach the smallest particle size of ca. 100 nm in the material prepared at initial pH of 10.
The crystals grown under these conditions show a similar elongated shape as the ones prepared at pH of 7. In contrast, however, the crystal faces seem to be less developed than on the crystals grown at pH 7. In fact a closer examination reveals the observed crystals to consist of finer nanoparticles which apparently coalesce together via Ostwald ripening. It needs to be noted that the decrease of the particle size is accompanied with a significant increase in the yield. It may be, therefore, assumed that the increase of the yield is caused by an increased supersaturation which primarily affects nucleation of smaller crystallites and the growth of which is hindered. An increase of the pH of synthetic mixture close to 11 leads to a formation of a flower-like crystallite agglomerates when elongated crystals similar to those obtained at pH of 7 start to form. The flower-like arrangements are formed by a micron sized crystals which at a closer inspection still reveal smaller crystallites (ca. 100-2000 nm) assembled to form elongated large particles. The trend to form large crystals continues also in the materials synthesized at pH higher than 11.
The increased pH, however, brings up higher tendency to dissolution of the primary precipitated nuclei and subsequent slower growth. This is accompanied with gradual decrease of the yield of the synthesis (see Fig. 2 ). It also leads to a formation of relatively smooth crystal faces pH in precursor solution which form a hexagonal prismatic part capped with two hexagonal pyramids. It needs to be noted that in contrast to material synthesized at pH 7 these pyramidal faces are not truncated. Further increase of the pH of the reaction mixture causes faster growth of individual crystals which still seem to grow from single vertices. Further growth, however, leads to crystals with higher aspect ratio (3:1 in contrast to 2:1 observed for all other materials). The increase in pH also leads to a truncation of the capping pyramids clearly exposing well developed {0001} faces. With respect to the wurtzite structure of the prepared ZnO one can assume there are three preferential growth directions: along the z-axis (i.e. {0001}); along the {− 2110} and along {0− 110} vectors [1] . The elongated shape of the crystals along with a dominating presence of the hexagonal crossection is observed in all well developed crystals which is compliant with the preferrential growth of the crystals in the {0001} direction. Such a growth would naturally expose the {0− 110} oriented faces on the surface of the pyramidal parts of the deposited crystals. One can relate the hexagonal faces similarly, truncating the capping pyramids to the high stability {0001} faces.
It needs to be noted that {0001} oriented faces can be found only in materials the crystallization of which is controlled by growth, i.e. which either grow from relatively low number of nuclei or which have the chance to optimize its shape by dissolution/reprecipitation mechanism. The suggested mechanism seems to be supported also by coherent domain size data (see Fig. 4 ) which show the smallest value for materials lacking {0001} facets and also by aspect ratio of the prepared crystals (see Fig. 5b ). Regardless of the difference in particle and coherent domain sizes prepared ZnO samples show identical band gap energy as show UV-Vis spectra (see Fig. 6 ). Such a behavior can be expected since the particle size of all prepared material is significantly larger than anticipated Debye length in ZnO (ca. 10 nm) [29] .
Photoelectrochemical experiments
All prepared materials are photoelectrochemically active and one can observe an anodic photocurrent at bias values higher than 0.18 V vs. RHE (as shown in Fig. 7a ). The photocurrent vs. bias dependence shows a typical sigmoidal shape reflecting the formation of the space charge layer. The observed photocurrent increases with increasing bias until the bias reaches ca. 0.7 V vs. RHE. At higher biases one observes a slight decrease of the measured photocurrent. Such a behaviour is to be expected due to the n-type semiconducting nature of the ZnO. Given the position of the valence and conduction band one can assign the observed anodic photocurrent to oxygen evolution via water oxidation. The bias needed to drive measureable photocurrent does not change for materials synthesized at different conditions. The limiting photocurrent density recorded at bias higher than 0.58 V vs. RHE, however, depends on the particle size (see Fig. 7b ). In contrast to intuitive expectation the photocurrent density reflecting the activity of ZnO crystals in photoelectrochemical water oxidation changes with characteristic particle size. Such a behaviour is rather counterintuitive. It also needs to be noted that the activity of the flower-like ZnO exceeds that of the isolated particles despite possible problems with absorption of the UV exciting radiation one may expect for flower-like materials.
This unusual behaviour can be rationalized keeping in mind the prevailing orientation of the surface one obtains at the surface of individual crystals composing the prepared electrodes. It needs to be noted, that the lowest activity was received for materials featuring the smallest crystals, which also show smallest degree of surface orientation. The activity of ZnO remains low also in materials featuring slightly increased particle size (d ~ 500 nm) due their tendency for Ostwald ripening growth, which still fails to form well defined faces at the particle surface.
Significant improvement of the photoelectrochemical activity is, however, encountered in materials which start to feature well developed hexagonal prismatic part of the ZnO crystals. These prismatic faces most likely of {0− 110} orientation can be deemed as the primary faces for the water oxidation on ZnO. It needs to be noted that highest activity for water oxidation is observed for materials which do not feature {0001} faces, which apparently can play a little role in the photoelectrochemical activity of ZnO. The photoelectrochemical activity of individual ZnO orientations has been reported before [27, 28, 30] . Zhang et al. [27] suggested the electrode with {0001} orientation terminated with Zn rich facet have lower photocurrent than the {10− 10} orientation, on the other hand, the electrode with {0001} orientation (i.e. O-rich) has higher activity compared with the other two. The difference is assigned to a difference in electric fields developed in space charge layer. This has been contradicted by Kislov et al. [28] who ranked the photoelectrochemical activities of ZnO single crystals in the order of (10− 10) > (0001) > (000− 1), where ZnO(0001) and ZnO(000− 1) represent the Zn-and O-terminated surfaces of this polar material, respectively. Similarly the difference in surface orientation has been reflected also in the experiments of photochemical deposition of Au on ZnO nanorods [30] . It needs to be noted that the results reported in this study are in general agreement with those reported in [28] when the appearance of the [0001] oriented faces in general leads to a drop in photoelectrochemical activity.
Conclusions
Hydrothermal synthesis is convenient technique capable to grow ZnO crystal of different functionality. The primary variable affecting the photoelectrochemical behavior of ZnO materials is the pH of the starting solution. The crystallization of the ZnO is controlled by the hydrolysis of the Zn acetate at one hand and nucleation and subsequent growth of ZnO from solution on the other. A slow growth from small number of nuclei experienced in neutral media yielding large crystals with well-developed {0− 110} and {0001} facets changes into one dominated by a fast nucleation at pH ranging between 8 and 10. Even these materials may grow larger particles via Ostwald ripening. These particles are, however, lacking well defined crystal faces. Further increase pf pH leads to a growth of well-defined crystals arranged in flower-like arrangements. The photoelectrochemical activity of the ZnO materials in water oxidation improves with improved crystallinity of the individual ZnO crystals. The presence of well-developed {0− 110} faces is pre-requisite for significant photoelectrochemical activity. The development of the well resolved {0001} faces, on the other hand, has a retarding effect on the photoelectrochemical activity. This clearly outlines that the ZnO materials for photoelectrochemical applications need to be developed with maximization on {0− 110} faces in mind. This in turn allows for rational selection of the reaction conditions of the ZnO synthesis. 
